A pilot human study is conducted to evaluate the potential of using diffuse photon density wave ͑DPDW͒ methodology at nearinfrared ͑NIR͒ wavelengths ͑685 to 830 nm͒ to monitor changes in tissue hemoglobin concentration in diabetic foot ulcers. Hemoglobin concentration is measured by DPDW in 12 human wounds for a period ranging from 10 to 61 weeks. In all wounds that healed completely, gradual decreases in optical absorption coefficient, oxygenated hemoglobin concentration, and total hemoglobin concentration are observed between the first and last measurements. In nonhealing wounds, the rates of change of these properties are nearly zero or slightly positive, and a statistically significant difference ͑p Ͻ 0.05͒ is observed in the rates of change between healing and nonhealing wounds. Differences in the variability of DPDW measurements over time are observed between healing and nonhealing wounds, and this variance may also be a useful indicator of nonhealing wounds. Our results demonstrate that DPDW methodology with a frequency domain NIR device can differentiate healing from nonhealing diabetic foot ulcers, and indicate that it may have clinical utility in the evaluation of wound healing potential.
Introduction
Assessment of healing in chronic wounds is gaining importance as new and expensive wound treatments are brought to market. A wide variety of chronic wound treatments such as topical growth factors, bioengineered skin equivalents, negative pressure wound therapy, and hyperbaric oxygen therapy are commercially available, and clinical studies of these products have shown some evidence of improved healing compared to standard of care. 1 However, the effectiveness of each treatment is not the same in all patients, thus rapid and accurate evaluation of the healing progress in each individual is critical so that unsuccessful treatments can be discontinued and alternate treatments initiated as soon as possible. 2 Reliable methods of evaluating wound healing would benefit wound clinics by reducing the duration and cost of treatment, and the wound research community in the evaluation of clinical trials.
The main limitation of traditional wound evaluations is that they can give information mostly from the surface of the wound. Such surface characteristics of a wound do not take into account the health of the wound environment beneath the surface in the whole wound bed, and provide inadequate information regarding the wound healing status of a wound. Therefore, misdiagnosis may occur or treatment may not be altered as early as possible, with direct implications on the quality and cost of care for chronic wounds. 3, 4 For example, image analysis of wound pictures for color or texture pertains strictly to surface information, and optical methods such as diffuse reflectance spectroscopy ͑DRS͒ or optical coherence tomography ͑OCT͒ can penetrate to only approximately 1 mm. 5, 6 Noninvasive analysis of the full depth of the chronic wound bed could provide the clinician with a more complete picture of wound health, allowing better prediction of wound closure and wound recurrence than can be achieved by surface measurements alone.
Several human studies have been conducted in an attempt to noninvasively characterize tissue beneath the surface of chronic wounds. High frequency ultrasound ͑HFUS͒ at frequencies in the range of 20 MHz permits high resolution ͑microscopic-level͒ imaging of skin at depths of up to 2 cm. Greater penetration depth can be achieved by using ultrasound at more traditional frequencies in the range of 1 to 5 MHz; however, imaging resolution worsens at lower frequencies. A preliminary study showed that HFUS could be used to image structural features beneath the surface of human chronic wounds and qualitative comparisons were made with healthy skin. 7 HFUS was used to measure skin thickness in several types of human chronic wounds ͑diabetic, venous, and pressure ulcers͒, 8 and a later study demonstrated the use of HFUS to calculate the width and depth of small acute wounds that were created experimentally in human subjects, 9 but it is unclear how this method would translate to chronic wounds that are very different in shape, size, and that have more ambiguous boundaries than acute wounds. Optical methods on the other hand allow metabolic characterization of tissue at various depths.
Optical coherence tomography ͑OCT͒ is a noninvasive imaging modality that uses low coherence interferometry to create high resolution cross sectional images of structural features in human skin at depths of up to 1.2 mm. 5 This method has not yet been used to image human wounds, but structures visible in OCT images of experimentally created animal wounds have been qualitatively correlated to histological micrographs of the same wounds, and an automated imaging algorithm was developed to calculate the size of these acute animal wounds. 10 In another animal study, polarizationsensitive OCT was used to monitor temporal changes in collagen birefringence during healing, and measurements of birefringence were shown to be greater in chemically accelerated wound healing as compared to chemically impaired healing. 11 As with HFUS, the clinical utility of OCT as a wound monitoring methodology is uncertain due to the size and complexity of human chronic wounds.
Laser Doppler flowmetry ͑LDF͒ and its modified methodology of laser Doppler imaging ͑LDI͒ are optical methods that rely on frequency shifts of an incident light beam ͑typically a laser in the near-infrared wavelength range͒ to determine a quantitative index that is related to the average velocity and number of red blood cells within a tissue volume. 12 Some researchers have used LDF and LDI to quantify relative values of cutaneous blood flow in human chronic wounds. 8, 13 These studies identified regions of increased blood flow within chronic wounds that may correlate to granulation tissue; however, in these studies, changes in blood flow were not monitored over time. A study was published in 2005 by Mlacak et al. 14 that compared changes in LDF measurements before and after healing in venous leg ulcers. While the ulcers showed increased blood flow relative to nonwound tissue, no difference was observed between measurements performed before and after healing. 14 The clinical utility of LDF and LDI for serial assessment of chronic wounds is limited due to low penetration depths ͑ϳ1 to 2 mm͒ and issues with light reflection caused by curvature of the feet and presence of moisture on the surface of the wound. 12 Diffuse reflectance ͑or remittance͒ spectroscopy ͑DRS͒ is an optical method that uses light at visible and near-infrared wavelengths ͑400 to 1500 nm͒ to measure hemoglobin concentration and oxygenation of blood in superficial capillaries to depths of approximately 1 mm. DRS spectra from chronic leg ulcers ͑both venous and arterial͒ have been empirically correlated to qualitative wound scores assessed by physicians, 15 and changes in DRS spectra related to hemoglobin concentration were observed before and after biodebridement of chronic foot and leg ulcers of mixed etiology. 16 In another study, oxygen saturation ͑calculated from spectra ob-tained at wavelengths of 502 to 628 nm͒ was measured periodically in diabetic foot ulcers over a period of 9 months. In those ulcers that were healed by the end of the study, characteristic decreases in oxygen saturation were observed over the course of healing, while no such changes in oxygen saturation were observed in the nonhealing wounds. 17 DRS has also been used to predict arterial insufficiency in skin flaps, 18 and to predict healing outcome in human burns. 19 Changes of the surface appearance due to bleeding and other reasons will significantly affect the capability of DRS to provide ͑on its own͒ information about the wound status and oxygenation.
Diffuse photon density wave ͑DPDW͒ methodology of near-infrared spectroscopy can be used to characterize the status of a healing wound, because it can quantify vascularization of tissue at depths of up to several centimeters. These depths are made possible by the use of light at near-infrared wavelengths ranging from 650 to 900 nm, where optical absorption in tissue is minimal when compared to other wavelengths. 20 We have previously demonstrated that changes in optical properties in an animal model of acute wounds could be quantified using the DPDW methodology, and that these changes corresponded to changes in wound vascularization. In this study, we report the results of a pilot human study in which chronic diabetic foot ulcers were monitored over the course of several weeks using this methodology. Tissue optical changes measured by DPDW over time reflect changes beneath the surface of a wound, and may provide clinicians with valuable information to supplement traditional wound assessment methodologies.
Materials and Methods

Near-Infrared Instrumentation
Details of the frequency domain near-infrared instrument have been described previously. 21, 22 Briefly, an optical fiber was used to deliver intensity modulated light ͑70 MHz͒ to the tissue from three diode lasers ͑ = 685, 780, and 830 nm͒. Four optical fiber bundles were used to deliver backscattered light from the tissue to avalanche photodiode ͑APD͒ detectors and quadrature ͑I/Q͒ demodulators. The in-phase ͑I͒ and quadrature ͑Q͒ signals from each detector were measured; these were determined by the attenuated amplitude and phase shift of the registered scattered light. All optical fibers were immobilized on a Teflon probe, with the four detector fibers fixed at distances of 4, 8, 12, and 16 mm from the source fiber.
It is possible to calculate the absorption coefficient ͑ a ͒ and reduced scattering coefficient ͑ s Ј͒ of tissue from the amplitude and phase shift of scattered NIR light using the diffusion approximation if the minimum distance between source and detector fibers in the probe is greater than two transport lengths. 23, 24 The transport length ͑l*͒ represents the distance of propagation of a collimated beam of light before it becomes effectively isotropic, and can be approximated by 1 / s Ј when s Јӷ a , as is the case in tissue. The photons undergo multiple light scattering in tissue, which is a strong nonhomogeneous medium, because the various tissue structures are characterized by large differences in their refractive index.
For a typical tissue with an anisotropy factor g = Ͻ cos Ͼ of about 0.80 to 0.95, where is mean angle of scattering, a scattering event happens every 50 to 200 m and light becomes completely diffuse after one transport length. Values of s Ј in human tissue at wavelengths of 685 to 830 nm typically range from 5 to 20 cm −1 , 20 therefore the transport length l* ranges from approximately 0.5 to 2 mm, since l* is the inverse of the reduced scattering coefficient s Ј. This suggests that the smallest source-detector distance that can be used in probe design for the diffusion approximation to be valid would be 2 to 4 mm. Our probe has a minimum distance between source and detector fibers of 4 mm, and therefore is within the diffusion approximation regime. Closed analytical solutions to the diffusion equation have been derived for semi-infinite measurement geometries that are typical of noninvasive tissue measurements, 25 when sources and detectors are placed on an air-tissue interface and the optical fiber source is modeled as an isotropic point light source. The final equations describing the absorption and scattering coefficients from measurements of light intensity and phase shift as a function of the source-detector separation distance are included in Ref. 21 .
The human study lasted for more than a year and it was therefore necessary to test the stability of our device during the course of such measurements. To accomplish this, an optical phantom made of silicone ͑XP565, Silicones, Incorporated, High Point, North Carolina͒ with dispersed particles of TiO 2 ͑diameter 0.9 to 1.6 m, Alfa Aesar, Ward Hill, Massa-chusetts͒ to act as scatterers and carbon black acetylene microspheres ͑50% compressed, diameter 0.042 m, Alfa Ae-sar͒ to absorb light 22 was measured before each patient measurement session. The measured absorption coefficients from the silicone phantom over the course of 61 weeks are shown in Fig. 1 . Standard error remained at less than 3% throughout the period of the study.
Oxyhemoglobin concentration ͓͑HbO 2 ͔͒ and deoxyhemoglobin concentration ͓͑Hb͔͒ were determined using the method described by Shah et al. 26 When it is assumed that oxyhemoglobin, deoxyhemoglobin, and water are the primary chromophores at our selected wavelengths, Eq. ͑1͒ can be used to describe the relationship between measured values of absorption coefficient ͑ a,measured ͒ and the concentrations of hemoglobin and water: a,measured = Hb ͓Hb͔ + HBO 2
͑1͒
where Hb and HBO 2 are the molar extinction coefficients of deoxy-and oxyhemoglobin at each wavelength ͑ = 685, 780, and 830 nm͒ as published in Prahl, 27 a,H 2 O is the absorption coefficient of pure water at each wavelength as published in Hale and Querry 1973, 28 and the concentration of water ͓ %H 2 O͔ was assumed constant at 70%. The choice of a value for ͓ %H 2 O͔ has little effect on the calculated values of hemoglobin concentration because of the low absorption of water relative to hemoglobin at wavelengths in the range 685 to 830 nm. 29 Values of ͓HbO 2 ͔ and ͓Hb͔ were derived from the experimental values of a,measured through a least-squares fitting method. Specifically, the values of ͓HbO 2 ͔ and ͓Hb͔ are used as fitting parameters to minimize the following expression:
Total hemoglobin concentration ͓Tot Hb͔ was calculated as the sum of ͓Hb͔ and ͓HbO 2 ͔. All diffuse NIR measurements were conducted prior to wound debridement on a weekly or biweekly basis. During each measurement session, the wounds of each patient were interrogated using the NIR instrument in up to ten different locations. Measurement locations were chosen based on the geometry and size of each wound, and can be classified into four general locations: 1. directly on the wound, 2. on intact skin at the edge of the wound, 3. on nonwound tissue of the contralateral limb symmetric to the wound location if available, and 4. on nonwound tissue on the ipsilateral limb at a distance of at least 2 cm from the wound. The measurement locations for a typical diabetic foot ulcer are shown in Fig. 2 . The NIR device was configured to complete one measurement in approximately 3 sec, and at all measurement locations the probe was held in continuous contact with the wound or skin tissue until eight to ten successive measurements were obtained over a period of approximately 30 sec. The means and standard deviations of the detected amplitudes and phase shifts were computed at each measurement location, and measurements were discarded and repeated if the percent deviation was greater than 15% over the course of each 30-sec measurement period. This was done to eliminate errors caused by motion artifacts from the patient or clinician. Further vali-dation was performed to ensure that uniform contact was made between each detector fiber and the wound or skin. We fit the experimentally measured amplitude and phase to the analytical solution of the diffusion approximation for semi- infinite geometry, where the log͑I*r 2 ͒ and the phase show a linear dependence on r ͑r is the distance between source and detector, and I is the intensity of scattered light registered by the detector͒. Measurements that did not exhibit good fitting were likely to have had nonuniform fiber/tissue contact and were discarded. Tegaderm transparent sterile dressing ͑3M Health Care, Saint Paul, Minnesota͒ was used to cover the fiber optic probe during all measurements. Our previous experience/results suggest that the presence of Tegaderm does not affect the measured NIR coefficients. 21 Wounds were digitally photographed using a Fujifilm Finepix s700 digital camera during each measurement session with cross-polarizing filters to reduce surface reflection. A ruler was held in the imaging plane of each photograph to allow the calculation of absolute wound area. The boundaries of each wound were manually traced using a computer mouse and Microsoft Paint software, and then wound areas were calculated from the traced photographs using an image analysis code developed with Matlab ͑Mathworks, Incorporated, Natick, Massachusetts͒ software. This image analysis code counts the number of pixels within the traced wound boundary, and then calculates the wound area by approximating the size of each pixel from the image of the ruler that was present in the imaging plane of each wound.
Human Subjects
Results
Results from Diabetic Foot Ulcers
In both healing and nonhealing wounds, values of the NIR absorption coefficient a and calculated values of ͓HbO 2 ͔ and ͓Tot Hb͔ concentration according to Eq. ͑1͒ were obtained at the wound center, the wound edges, and control sites. All parameters had higher values for the wounds as compared to the control ͑nonwound͒ sites.
In all healing wounds, the values of ͓HbO 2 ͔ and ͓Tot Hb͔ at the wound center and edge sites decreased and converged to the values measured at the control sites. This is illustrated in Fig. 3 , which shows plots of hemoglobin concentrations during the course of the study for a typical healing wound. The area of this wound was over 6 cm 2 at the beginning of the study, and closed after ten weeks of monitoring.
In contrast, values of ͓HbO 2 ͔ and ͓Tot Hb͔ in all nonhealing wounds remained greater than the control sites and did not converge over the course of the study. This is illustrated in Fig. 4 , which shows plots of hemoglobin concentrations for a typical nonhealing wound. The area of this wound decreased by only approximately 50% over the course of 37 weeks, after which a below-the-knee amputation was performed. Figure 5 shows plots of hemoglobin concentrations for a unique case in which the wound initially appeared to be healing, decreasing in size from 31.5 cm 2 to 1.6 cm 2 during the initial 17 weeks of the study. In contrast to the initial wound size trend, NIR data from the wound site did not show convergence with the nonwound data, as is characteristic of healing wounds in this study. This wound never closed completely and required surgical intervention after week 25. This is an example of how diffuse NIR could provide clinicians with a better assessment of wound status than the superficial measurements of wound size. 
Rates of Change in Optical Data
To analyze our clinical data, we have tried to identify common parameters that describe the trends we observed and are representative of the clinical outcomes. In our analysis, the rate of temporal change of hemoglobin concentration can be estimated by fitting the data from each wound to a linear trend line. The limited amount of experimental data collected during this study combined with the data accuracy do not allow us the use of a more complicated fitting model at this time. The slopes of these trend lines correspond to the rates of change in optical properties with time, and have proven useful in quantifying the progress of a healing wound in our study. The slopes calculated from the hemoglobin concentration trend lines are referred to as the rates of change in each wound, and are shown for wound center and edge measurements in Fig. 6 . In all healing wounds, negative rates of change were observed for ͓HbO 2 ͔ and ͓Tot Hb͔. In all nonhealing wounds, the rates of change for ͓HbO 2 ͔ and ͓Tot Hb͔ were close to zero or slightly positive. The rate of change for ͓Hb͔ concentration was close to zero in both healing and nonhealing wounds. The mean rates of change in healing and nonhealing wounds are compared for all hemoglobin concentrations ͓͑Tot Hb͔, ͓HbO 2 ͔, and ͓Hb͔͒ in Fig. 7 . A statistically significant difference between the slopes of healing and nonhealing wounds was obtained for the total hemoglobin concentration and the oxyhemoglobin concentration.
Predictive Capability of Optical Data
The predictive capability of the rates of change in DPDW data would need to be determined through a study of more patients with measurements taken at more time points. However, as a first approximation, the rates of temporal change of ͓Tot Hb͔ and ͓HbO 2 ͔ in each wound were calculated by fitting the data from the first ten weeks of measurements to a linear trend line. The slopes of the ten-week trend lines are shown in Fig.  8 . A threshold level for changes in ͓Tot Hb͔ or ͓HbO 2 ͔ may be selected such that a rate of change below the selected threshold is classified as a "healing wound," and a rate of change above the selected threshold is classified as a "nonhealing wound." Such a classification system would allow prediction of healing outcome after ten weeks of NIR measurements. Table 2 shows the number and percent of healing Rates of change in hemoglobin concentration for all wound measurements. ͑a͒ Oxyhemoglobin concentration at wound centers, ͑b͒ oxyhemoglobin concentration at wound edges, ͑c͒ deoxyhemoglobin concentration at wound centers, ͑d͒ deoxyhemoglobin concentration at wound edges, ͑e͒ total hemoglobin concentration at wound centers, and ͑f͒ total hemoglobin concentration at wound edges. White bars represent data from healing wounds; black bars represent data from nonhealing wounds. The center location of one wound could not be measured due to its size and geometry. Therefore, data from only 11 wounds are presented in ͑a͒, ͑c͒, and ͑e͒ compared to data from 12 wounds in ͑b͒, ͑d͒, and ͑f͒. and nonhealing wounds from this study that would have been correctly classified for two different threshold levels. It is clear that more data are needed to allow one to determine the threshold value of the slope that will distinguish healing from nonhealing wounds. It is likely that the period of time needed to establish a predictive trend could be reduced if measurements were conducted more frequently. The average number of data points during each subject's first ten weeks in our study was 5.0. We chose to evaluate trends using ten weeks of data because five measurements appear to be adequate to establish a statistically reliable trend line. If, in a future study, DPDW measurements were conducted every week, we believe that it would be possible to establish a predictive trend line in only five weeks.
Statistical Characterization of Healing and Nonhealing Wound Data
In addition to the rate of change of hemoglobin concentration, the statistical characteristics of these data from a wound may provide an indicator of healing potential. Visual comparison of Figs. 3-5 reveals more week-to-week variability in the nonhealing data than in the healing data. To quantify variability differences, the root mean square deviation ͑RMSD͒ of experimental data from the fitted first-order polynomials was calculated using the following equation:
where n is the number of measurements, x i,meas are measured values, and x i,fit are the values predicted by the first-order polynomial fittings. The RMSD values were normalized by dividing by the mean of the experimental values obtained for each wound. Figure 9 shows that the mean normalized RMSD was greater in nonhealing wounds than in healing wounds for all hemoglobin concentrations ͑oxy-, deoxy-, and total hemo-globin͒.
Discussion and Conclusions
Our previous research on the application of diffuse nearinfrared methodology to assess wound healing in animal models has led us to the development of a hypothesis on the expected behavior of near-infrared absorption coefficients ͑and therefore hemoglobin concentration͒ during the course of healing. 21, 22 This hypothesized model is illustrated in Fig. 10 . The time dependence of NIR optical absorption for human patients is expected to be different from that observed during the animal studies. Human patients are first seen when they have already developed chronic wounds, corresponding to an elevated yet constant absorption level ͑indicative of nonheal-ing͒ in our healing model. Any progress in healing manifests itself by a decrease in the NIR absorption coefficient and a convergence to the value of nonwound tissue ͑Fig. 10, dashed black line͒. In wounds that do not heal, the level is not expected to converge with nonwound tissue ͑Fig. 10, gray mark-ers͒. The rates of change in healing and nonhealing wounds summarized in Fig. 7 are in agreement with the hypothesized healing model, and may provide the basis for a quantitative "healing index" that helps clinicians to distinguish healing from nonhealing wounds. The rate of change of oxygenated hemoglobin concentration in healing wounds is greater than the rate of change in deoxygenated hemoglobin concentration, as shown in Fig. 6 . During the late inflammatory/early proliferation stage of wound healing, angiogenesis increases the supply of oxygenated blood to the wound resulting in increased values of ͓HbO 2 ͔. In the late proliferation stage, angiogenesis stops and blood vessels begin to break down as a result of apoptosis. 30 The resulting decrease in the supply of oxygenated hemoglobin to the wound may be reflected by the negative rate of change of ͓HbO 2 ͔ observed in this study ͑Fig. 6͒. Concentrations of deoxygenated hemoglobin reflect metabolic activity within the wound bed, and would be expected to remain relatively constant assuming that an adequate supply of oxygenated blood is being delivered to the wound. This could explain why the changes in ͓Hb͔ in healing wounds were less pronounced than changes in ͓HbO 2 ͔.
It has been hypothesized that chronic diabetic wounds may be "stuck" in various phases of the healing process. 31 The nonhealing wounds observed in this study ͑represented in Figs. 4 and 5͒ may have been "arrested" before reaching the end of the proliferative phase of healing, resulting in oxygenated hemoglobin concentrations that were always greater than normal tissue and did not decrease like healing wounds. Furthermore, there is evidence that neuropathy and a prolonged inflammatory response in diabetic patients are important fac- tors in the etiology of diabetic foot ulcers. 31, 32 Diabetic neuropathy is associated with microcirculatory dysfunction in the foot, even in patients who have normal large-vessel blood flow to the foot. 33 It has been hypothesized that repeated ischemia and reperfusion within the microvasculature of the foot may lead to cycles of inflammation in foot ulcers, further impairing the wound healing process. 34 The high degree of week-to-week variability in nonhealing wounds compared to healing wounds shown in Fig. 9 supports this hypothesis, and could be an indication of cyclical changes in the microcirculation and inflammatory status of the wound, but further investigation is warranted to verify such behavior. In summary, temporal changes in the concentration of hemoglobin derived from DPDW measurements of the optical absorption coefficient in diabetic foot ulcers can be used to monitor healing progress. These changes can be quantified by calculating the linear rate of change and the week-to-week variability in optical absorption coefficient and hemoglobin concentration over time. These metrics are used to distinguish healing from nonhealing wounds in a study of human diabetic foot ulcers, indicating that DPDW methodology at nearinfrared wavelengths may be able to provide wound care clinicians with objective and quantitative data to help in the assessment of overall wound health when deciding on treatment options. Fig. 9 Normalized RMSD of the lines fitted to hemoglobin concentration measured at the centers of wounds ͑left͒ and the edges of wounds ͑right͒.
Fig. 10
Hypothesized wound healing curve. The dotted black line represents normal ͑nonwound͒ tissue. The solid black line represents the results of our animal studies. The descending dashed black line represents the hypothesized curve for healing wounds. The gray markers represent measurements on nonhealing wounds.
